
 

XXXIX Meeting of the Italian Section of the Combustion Institute 

VIII1.1 

 

OPTICAL FLOW ESTIMATION OF FLAME 

VELOCITY IN A SPARK IGNITION ENGINE 
 

L. Russo, L. Acampora, S. Lombardi, G. Continillo* 
continillo@unisannio.it 

*Dipartimento di Ingegneria, Università degli Studi del Sannio, Benevento, Italy 

 

Abstract 

The present study reports on the detailed investigation and characterisation of 

spark-ignited combustion events. In order to provide a statistical analysis of 

turbulent flame front propagation, a large amount of data was collected, starting 

from experiments conducted in an optically accessible single spark ignition engine. 

To extract all needed information, the flame propagation recorded images were 

pre-processed digitally. Then, the detection of the flame front was obtained by 

using a new hybrid level-set method. Finally, an optical flow estimation technique, 

based on the model of Horn and Schunck, was used for the evaluation of velocity. 

 

Experimental setup 

A large amount of experiments was conducted in an optically accessible single 

spark ignition engine, equipped for 2-D line-of-sight measurements of the 

luminosity emitted by the combustion process. 

 

 

 

 

 

 

 

 

Figure 1. Experimental setup. 

 

A 45° inclined UV visible mirror located at the bottom of the engine conveyed the 

image, visible through a sapphire window cast into the modified piston, to the 

acquisition setup, made of a 78 mm focal length, f/3.8 UV Nikon objective and of a 

CMSOS 16-bit high speed camera with a maximum spatial resolution of 

1024x1024 pixels. Images were acquired at 30000 fps at a resolution of 896x496 

pixels (spatial resolution of about 0.11 mm/pixel). The fuel used was a commercial 

gasoline, in mixture with air at stoichiometric equivalence ratio. The intake 

pressure and temperature were 1660 mbar and 298 K, respectively. All of the 

experiments were performed at 2000 rpm with spark timing at -34 CAD and 0.4 

CAD relay. The recorded material includes 51 complete and consecutive cycles, 

but only the first 80 frames per cycle were considered, as we focus on to early 
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flame kernel development. 

 

 
Figure 2. Recorded images of early flame propagation, vs. crank angle. 

 

Image processing 

An appropriate image processing is needed in order to detect the flame fronts and 

evaluate the velocities. First, the raw images are preprocessed to remove or 

strongly reduce noise and keep the computational effort low. Hence, the flame 

front is detected by using a new hybrid level-set method [1], and the apparent 

flame velocity is estimated by an optical flow method based on the model of Horn 

and Schunck [2]. The raw images need a preprocessing phase consisting of: 

 Image Masking - a circular mask (a binary matrix) is applied having a 224 

pixels’ radius (𝑟), to clip spurious light reflections from chamber walls. 

 Image Cropping – the images are cropped by a square box with side 𝑙 = 2𝑟 

leads to substantial computation savings [3]. 

 Image Binarization - the images are binarized by setting a threshold depending 

on the thermal noise of the camera. In this work it is set to 5 bit. 

 Image Labeling - each image is divided into subsets of connected components, 

each one labeled differently in order to obtain new images where only the 

propagating flame is visible. This is obtained by detecting the label of the 

subset representing the flame origin (the zone with highest luminosity 

intensity) in the first frame of the cycle, and by using this label to select in 

each image (frame) the subset representing the flame zone. Images of the real 

flame are obtained. 

 Image Binning - the images are resized by using a bilinear reconstruction of 

the luminosity field and subsequent sampling on a coarser staggered grid [4] 

yielding a signal-to-noise ratio gain of around four. This produces a reduced 

resolution image, each pixel representing four pixels of the original image. 

 

Figure 3 shows the change from a raw image to a preprocessed image.  
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Figure 3. Effects of successive image processing. The last on right frame is a 

magnification of the processed image (red square). 

The hybrid level-set method, proposed in [1], combines the geodesic active contour 

model [5] and the Chan-Vese model [6] to identify the flame front, using both 

object's boundary and region information. The contour of the flame front on a 

frame is represented by the zero level-set  𝐶 =  {(𝑥, 𝑦)|𝜑(𝑥, 𝑦) =  0} of a higher 

dimensional embedding function  𝜑, solution of the following equation:  

 

 𝜑𝑡 = |∇𝜑| [𝛼(𝐼 − 𝜇) + 𝛽𝑑𝑖𝑣 (𝑔
∇𝜑

|𝛻𝜑|
) ] (1) 

 

where 𝐼 is the image to be segmented, 𝜇 is the lower bound of the gray-level of the 

target object, 𝑔 = 𝑔(|∇𝐼|) is boundary feature map related to the image gradient (𝑔 

can be a decreasing function, such as 𝑔 = exp(−𝑐|𝛻𝐼|2), with 𝑐 = 2.0 controlling 

the slope), and 𝛼 = 0.2, 𝛽 = 2.5, predefined weights.  

The optical flow is the distribution of the apparent velocities of brightness patterns 

in an image, caused by the relative motion between the luminous objects and the 

observer [7]. It is computed using an estimation algorithm based on the Horn and 

Schunck method [2]. The model starts from the so-called optical flow equation, 

which relates the change in image brightness at each pixel of the figure to the 

motion of the represented brightness pattern, i.e.: 

 

 𝐸𝑥𝑣𝑥 + 𝐸𝑦𝑣𝑦 + 𝐸𝑡 = 0 (2) 

 

and assumes that the apparent velocity of the brightness pattern varies smoothly 

almost everywhere in the image. One way to express this additional constraint is to 

minimize the square of the magnitude of the gradient of the optical flow velocity: 

 

 |𝛻𝑣𝑥|2 + |𝛻𝑣𝑦|2 = 𝜀𝑐 (3) 

 

Further details are reported in [2]. Various parameters have to be chosen, among 

which the smoothness factor α2, which strongly influences the optical flow result. 

Essentially, α2 has to be chosen paying attention to avoid inappropriate smoothing 

over objects boundaries. A trial-and-error procedure is usually required to find the 

value that best fits the situation under study. In this work, α is set equal to 0.0001. 

 

Results 

The above procedures are applied to all available experimental data (51 

consecutive cycles) in order to have a statistically valid sample of the estimated 

velocity components. Then the ECDF (Empirical Cumulative Distribution 

Function) at each CAD (Crank Angle Degree) was computed. Figure 4 shows that 

both velocity components have an ECDF which has a very similar trend to a 

Gaussian CDF (Cumulative Distribution Function). Some discrepancies are visible 
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at the beginning and at the end of the observed range. These discrepancies are 

mainly due to the physical behavior of the flame. Indeed, at the beginning the 

influence of the spark, 
 

 
Figure 4. ECDF vs. Gaussian CDF for the velocity component in the x-direction at 

four different crank angles. 

 

timed at -34 CAD, is strong and, moreover, the flame still has to propagate, that is 

interactions between turbulence and flame front are still weak, as well as 

corrugation and formation of eddies which are one of the main causes of the 

Gaussian behavior in a turbulent flame. At the end, the flame approaches the 

engine cylinder walls and its apparent motion slows down significantly prior to 

extinction. 

Other two interesting parameters are the standard deviation 𝜎 and the mean 𝜇 

(Figure 5).  
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Figure 5. Mean and Standard deviation for the velocity components in the x-

direction and in the y-direction at different crank angles. 

For both velocity components, the standard deviation first increases with increasing 

crank angles, then almost stabilizes at a value barely below 3.5 m/s for a crank 

angle of about -15 degrees, and finally, from a crank angle of about -10 degrees, it 

decreases. The standard deviation initially increases as the flame, after the spark, 

starts to propagate and increases its speed due to the interaction between 

propagating flame front and turbulence and the consequent corrugation. Then, the 

increase in the standard deviation value slows down as the flame has increased its 

mean radius and is essentially almost fully developed, and, finally, the standard 

deviation rapidly decreases as the flame front approaches the engine cylinder walls 

and starts to extinguish and so, of course, flame speed goes down. As expected, 

standard deviation profiles are really close one to each other. 

Regarding the means, both are different from zero for all the observed range; 

however, they are always small, really close to zero. The ECDF of the magnitude 

of the apparent velocity 𝑣 = (𝑣𝑥
2 + 𝑣𝑦

2)
0.5

 was also studied. A Rayleigh 

distribution [8] fits the ECDF of 𝑣 (Figure 6), in agreement with the previous 

results. 

Indeed, in accordance with the Rayleigh distribution definition, the two velocity 

components 𝑣𝑥 and 𝑣𝑦 show, over the entire range of observation, Gaussian 

distribution, with nearly zero mean and almost equal standard deviations.  

The fitting by the Rayleigh CDF is very good apart from early and late stages: 

ECDF and the Rayleigh CDF are significantly different at -30.4 and -6.4 CAD 

(Figure 6).  
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Figure 6. ECDF vs. Rayleigh CDF for the magnitude of the velocity at different 

crank angles. 

 

Finally, it is interesting to look at the trend over increasing crank angles for the 

parameter 𝜎 of the Rayleigh distribution (Figure 7). The Rayleigh parameter 𝜎𝑅 has 

the meaning of the statistical mode. Thus, the most frequent value for the flame 

front propagation speed at each crank angle is the Rayleigh parameter at the same 

angle.  

 

 
Figure 7. Rayleigh 𝜎𝑅 parameter for the magnitude of the velocity at different 

crank angles. 
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